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Delay-Dependent Robust H» Control for Uncertain Fuzzy
Markovian Jump Systems

Yashun Zhang, Shengyuan Xu*, and Jihui Zhang

Abstract: This paper is concerned with the problem of delay-dependent robust Ho., control for
uncertain fuzzy Markovian jump systems with time delays. The purpose is to design a mode-dependent
state-feedback fuzzy controller such that the closed-loop system is robustly stochastically stable and
satisfies an Ho performance level. By introducing slack matrix variables, a delay-dependent sufficient
condition for the solvability of the problem is proposed in terms of linear matrix inequalities. An
illustrative example is finally given to show the applicability and effectiveness of the proposed method.
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1. INTRODUCTION

Lots of practical dynamic systems are driven by
discrete events such as random component failures or
repairs, sudden environmental disturbances and changes
in the interconnections of subsystems. Each discrete
event changes the structure or parameters of the systems.
These complex systems can be described as hybrid
system models which consist of two kinds of state
variables: continuous state variables and discrete event
variables. Markovian jump systems belong to the
category of stochastic hybrid systems and the discrete
event variables are system modes governed by a discrete-
state Markovian process. Markovian jump systems have
different system parameters under different system
modes. Over the past decades, stability analysis and
controller synthesis for Markovian jump linear systems
have been extensively studied; see, e.g., [1-3] and the
references therein.

For Markovian jump nonlinear systems, however, very
few results are available because nonlinear dynamics are
extremely difficult to deal with. Recently, the innovative
Takagi-Sugeno (T-S) fuzzy-model-based technique
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becomes quite popular. In a T-S model, a linear system is
adopted as the consequent part of each fuzzy rule, which
makes a nonlinear system be represented as a weighted
sum of some simple linear subsystems. As a result, it
provides an efficient approach to taking full advantages
of the fruitful modern linear control theory to the
nonlinear control. During the past decades, for T-S fuzzy
models, many control methods have been studied and
many control techniques using the linear matrix
inequalities (LMIs) have been investigated in [4-10].
Since fuzzy control has been proved to be a powerful
method for the control problem of complex nonlinear
systems, the study of fuzzy Markovian jump systems has
attracted much attention during the past years. For
instance, the stabilization and H_ control for fuzzy

Markovian jump systems have been studied in [11] and
[12], respectively. Recently, the problems of stability
analysis and controller design for fuzzy Markovian jump
systems have been addressed in [13] by introducing

some slack variables to separate Lyapunov matrices from
system matrices.

It has been known that the existence of time delays
often causes instability or poor performance of a control
system. A great number of results on various control
issues related to time-delay systems have been presented.
For fuzzy systems with time delays, many results have
also been reported in [14-18] and the references therein.
Recently, much attention has been paid to Markovian
jump linear systems with time delays. For example, the
problems of delay-independent robust stabilization and
H_ control were investigated in [19-21]. Delay-
depend-ent stabilization conditions were presented in
[22-24].

In this paper, we consider the problem of robust H_
control for a class of T-S fuzzy Markovian jump systems
with time delays and parameter uncertainties. The
parameter uncertainties are assumed to be time varying
but norm bounded. The aim of this paper is to design a
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mode-dependent fuzzy controller such that the resulting
closed-loop system is robustly stochastically stable and
satisfies a prescribed H. performance level for all
admissible uncertainties. A delay-dependent sufficient
condition for the solvability of the problem is given in
terms of certain LMIs. Desired state-feedback gains can
be obtained by solving these obtained LMIs. Finally, an
illustrative example is presented to demonstrate the
effectiveness of the design method.

Notation: For real symmetric matrices X and Y, the
notation X <Y and X <Y mean that the matrix
X -Y is positive-semidefinite and positive-definite,
respectively. 7 is the identity matrix with appropriate

dimensions. The superscript “7 ” represents the transpose.

* is used as an ellipsis for terms that are induced by
symmetry. [,[0,00) is the space of square-integrable
vector functions over [0,0). Matrices, if explicitly

stated, are assumed to be compatible dimensions for
algebra operations.

2. SYSTEM DESCRIPTIONS

The class of uncertain nonlinear time-delay systems
with Markovian jump parameters under consideration
can be described by the following T-S fuzzy Markovian
jump systems with time delays:

Plant Rule i: IF s/(¢) is g and s,(¢) is 4y

and ... and s.(7) is u, THEN

(0) = [ 4;(r(0)) + A4; (r(0),0)] x(1)
+[Adi(”(t))+AAdi(”(’)’f)]x(t_T)

+[ By (r(0) + ABy; (r(1), 1) ] u(2) W
+ By, (r(1)o(?),

2(t) = [C;(r(0)) + AC; (r(1),1)] x(r)
+[Ci (r(1)) + AC 4 (r(),0)] x(1 — 7) @

+[ Dy (r(1)) + ADy; (r (1), 1) Ju(?)
+ Dy (r(1)o(1),

x(t) = ¢(t)7 te [_Ts 0]’ I"(O) = VO’ (3)
where ieS 2 {L,2,...,s}, and s is the number of IF-
Then rules; gy is the fuzzy set; x(r)eR” is the
system state; u(f)e R™ 1is the control input; z(f)
o) eR? is the
exogenous disturbance signal in L,[0,0); = s(7),

eR? is the control output;
$5(), ..., sg(7) are the premise variables; the scalar
7>0 is the unknown constant time delay; 4;(r(¢)),
Ay (r@), Byi(r(0), By (r(1)), Cu(r(@), Dy(r(@)),
and D,;(r(t)) are appropriately dimensioned real-
valued matrix functions of the Markov process {r(r)};
in (3), ¢(¢) is the continuously differentiable initial

function on [—7, 0] and r is the initial mode; {r(¢)} is

a continuous-time discrete-state Markov process taking
values in a finite set 7={1, 2, ..., N}. The transition

probabilities of the process {r(#)} are given by

zyA+o(A), k1 (4)
1+7Z'kkA+0(A), k:l,

where A >0, lim,_,o(0(A)/A) =0, and 7, is the
transition probability rate from mode k to mode /
satisfying 7, 20, k#/ and ﬂ'kk=—zlET[¢kﬂ'k1.

For each possible r(f)=k, keT, any matrix as
Q(r(r)) will be denoted by Q,. The real-valued

unknown matrices representing the time-varying
parameter uncertainties are assumed to be of the form

Ad; (1) Ady (1)  ABy; ()
AC; (1) AC 4 (1) ADy; 4 (1) )

Eyy
={E i|Fk(t)|:Hli,k Hyy Hiyyls
2%

where Ey Eyy, Hyy, Hyjp, and  Hy; o are known
real constant matrices for any k€T and F,(¢) is an
unknown time-varying Lebesgue measurable matrix
function satisfying FkT OF,@0)<I,VkeT.

The output of the dynamic fuzzy model in (1)-(3) can
be represented by

£ = Y (5O [ Ay + My (0 ]300
i=1

+|:Adi,k +Adg; i (f)} x(t-71) (6)
+ |:Bli,k +ABj; (f)}u(f) + Bk w(f)} ,

200 = 3 B (O [ Cop + A, (0 ]300
i=1

+[ Cip +ACy (1) |x(t —7) (7)
+[ Dy + ADy i () Ju(@) + Dy (1)}

where

@;(s(1))

y(s(0) =
> @ (s0)

g
@;(s(1)) = H/uij(sj(t))’

J=1

s =[50 50 -~ s5,0],

in which, z;(s;(r)) is the grade of membership of

s; (#) in Hyj. Then, it can be seen that, for ie S and

all 4, Z;l hi(s(t))=1, and Ah;(s(¢))=0.



522 Yashun Zhang, Shengyuan Xu, and Jihui Zhang

Next, using the parallel distributed compensation
technique, we obtain the following mode-dependent
fuzzy controller for the system in (1)-(3):

Controller Rule i: IF s/(¢) is p; and s,(f) is

Hip and ... s, (¢) is g4, THEN

ut)=-K,;;xt), ieS,keT,

where K;; € R™" are matrices to be determined later.

Then the overall state-feedback fuzzy controller is given
by

u(t) ==Y h(s()K; 1 x(1) = =K (h)x(?). ®)
i=1

Any matrix as Y " h(s()Q; will be denoted by
Q(h) to simplify the notation. Then, by the overall
fuzzy controller, the closed-loop system is described by

(1) =| Ay ()= By (WK () | x(0)
+ Age (Wx(t = 1)+ Byy (W x(2),
2(0) =[ G = Dy (WK () | (1)
+C g (W)x(t =)+ Dyy (D) (0),

€))

(10)

where

Ay (h) = A, (h)+ Ey, F, (t)Hyy (h),
A (h) = Age(h)+ Ey Fyo () Hoy (),
By (h) = By (h) + Ey Fy () Hy (),
Ci(h) = Cy(h)+ Ey, F, () Hy, (h),
Cop(h) = C e (h)+ Exy Fy (t)Hoy (h),
Dy (h) = Dy (h)+ Eo; Fy (1) Hy (h).

3. Ho PERFORMANCE ANALYSIS

The following theorem provides a condition for H_
performance analysis of the open-loop system.

Theorem 1: Consider the fuzzy Markovian jump
time-delay system in (6), (7) with u(¢#) =0. Then, given
ascalar y >0, forany 7e(0,7] the fuzzy Markovian
jump time-delay system in (6), (7) with u(f) =0 is robust-

ly stochastically stable and satisfies FE [J': ' (t)z(t)dt}

<7’ J;o o’ (No(t)dt for any @(r) € L,[0,0) under the

condition x(#)=0 for all #<0, if there exist scalars
o >0, F; >0 and matrices 0>0, Z>0, B >0,
Y., W, Uy-’k, 1<i<j<s, keT, such that for all
keT, the following LMIs hold:

T
Zij,k +2ji,k < Uij,k +U“,k7

be 1<i<j<s, (11)

21k oo X
Uhr Zopp = *
> v <0, (12)
T T
Uls k U2s,k Z:ss,k
where
()ij’k * * *
S = Lix -~ % *
ij, )
/ Hi, 0 =Bl *
T
Lyxy O 0 —I+BEyEy

5 1 T T

T
Ly y :|:E1TkPk 0 0 TELZBy +TE3 Dy ElTkZ] ;

Ly = [Ci,k Caxr 0 0 O],
Hi,k = |:H1i,k Hz;,k 00 0]7
i \Pli P * * * %]
Yox WitW -0 = * *
O =| X W,  —Fz o+ x|
Dk Dok 0 Iy *
T4, TZAy, 0 0 —7Z

T —pT T
Uik = Boi b + 7By ZA4; i + D3 4 C ik,
T, =7B. ZA, , +DL .C
2ijk = T Boi ik ZAgi k + D2 4 Copj s
T (T T
Dy = E(BZi,kZBZj,k +BZj,kZBZi,k)

2, V(T T
-y +E(D2i,kD2j,k +D5; Dy i )»

N

T T

Wik =Bidig + AP+ ) iyP+0-Y, Y,
=

T T
WYoir =A4gixb + Y —Wy

Proof: By (11) and (12), we have that, for each
keT,

N S

. 3 h OV (O)Z,
i=1 j=1

N

s=1 s
SR SENTig + D D B (SO (SONZy 4 +Z jig)

i=l i=l j=i+l
mil | Zie 0 * T
mi| |UL, = x| byt
<[ T 2o a3
hid UlTs,k U2Ts,k o z:ss,k hyl

Therefore, for each k€T,
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D> (sO)h; (s 4
i1 =1

Q (W) +o H (WH(h)

_ Ly (h) —ay 1
Hy(h) 0
Ly (h) 0
* *
* *
Y . <0, (14)
0 I+ ﬁkEzkEsz
where
Wik (h) *
T T T
Ay (WP +Y =Wy W +Wi =0
Qi (h) = 7Y, W,
[y () Loy (h)
TZ4, (h) TZAy (h)
* * *
* * *
-7 * * )
0 Ty(h) =
0 0 -7

N
Wy (h) = B A (W) + AL (DB +Y 1y B+0-Y, ~Y{
=1

le(h):[Ef,;Pk 00

TE} ZB, (W) +TE3, Dy () E&Z}T,
Ly (h)=[Cy(h) Cye(h) 0 0 0],
Hy(h)y=[Hy(h) Hy(h) 0 0 0],
Ty () = By ()P +7 By (W) ZAy () + D3y ()Cy (),
Ty, (h) = TBY, (h)ZAy, (h) + D3, (W)Cy (),
T3 (h) = T B3 () ZByy (h) = 11 + Dy () Dy (h).

Now, for each k£ eT, define

O = Q () +[ Loy (h) + Exy Fy (0 H ()]
X[ Loy (h) + Ep Fy (1) Hy ()]

(15)
+ Ly (W) F (1)H  (h)
+ Hi (NF{ ()L ().
Then, it follows from (12) that for each ke T,
I - B Ey ED, > 0. (16)

From Lemma 4 in [25] and (16), it can be seen that

[Log (W) + Ex F (OH ()]
x [ Loy (h) + Exp Fy () Hy ()]
T 7\!
< Loy (h) (1 = BrEw Exy ) Ly, (h)

+ B¢ HY (h)H  (h).

)

On the other hand, note that, for each k€T,

0< [ Ly () - HE OFL (1]
<[ @ Ll ()= F (0 H ()

< ai Ly (WL () + e HY (W H (h)
— L (WF () Hy (h)— H] (WF{ () LT, ().

This implies

Ly (W Fy (t)H (h)+ HY (W Fy (t)L{; (h)
< o Ly (WL () + a HY (W H (h).

Therefore, from (15), (17), and (19) we obtain

(18)

(19)

T 7\
O < Qk(h)+L2k(h)(1— /BkEzkEzk) Loy (h)
+ B HY (WH  (h)+ i Ly (W)L, (h) (20)
+ oy H{ (W H (h).

Applying the Schur complements to (14), we have

T 7\!
Q)+ Ly (1= BEsiER ) Lg ()
+ B HE (W H () + i Ly ()L ()
+a, H] (W) H, (h) <0.
Hence, for each k€T,
@k <0.

Then by applying the Schur complements to this
inequality, we can see that there exists a scalar o >0
such that, for any 7 satisfying 0<7<7,

Ay (1) < diag(-o1,,,0,0,0), keT, (1)
where
P (W) + 1AL (W ZA, () + CL () Cy ()
| o (W) + T A (N ZA () + Cl (D C (h)
Ap(r)=
27
[ (h)
£ ES ES
\%3 N *
TWk —TZ * ’
() 0 Ty(h)
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N
Y ()= B A (W) + AL (WP +Y 2y B +0-Y, - Y,
=1

$op(h)= A (WP + Y -W]
Wy () =Wy + W = Q+7 A () ZAy ()
+Cl (NC gy (h),
[ (h) = By ()P, + B3, (W) ZAy (h) + D3, (WCy (h),
[ (h) = B3 (N ZA g (h)+ D3, ()C gy (),
T34 (h) = B3, (W) ZByy (h) = 71 + DY (h)Dyy (h).

Next, denote x, =x(r+6), —2r<0<0, and choose

a mode-dependent Lyapunov—Krasovskii functional
candidate, foreach keT, as
3
V(x,r(@)=k)=>V(x,,k), (22)

i=1
where

Vi(x,, k) = x" (1) Bx(),

Vy(x, k) = f L’w i (@) Z(@)dad B,
Vy(x,, k) = Lt_r L (@)0x(a)da.

The weak infinitesimal operator ¢ of the Markov
process {(x(¢),r(¢)),t >0} acting on the Lyapunov
functional candidate is given by

OV (x;,1(1))

= lim i{E[V(xHA,r(t £ M) 2. (O] -V (5 )]

Then, we have that, when 7>,
0V, (x,,k)
T > T y
=x' (1) PeAy (W) + A (BB + ) my By | x(0)
I=1
+2xT (1), By, (W (1) +2xT (1)P, Ay (h)

xx(t—1)+2x7 (t - )W L’_T i(a)da 23)
+2xT ()Y Lt_r W(a)a

— 2 (Y] [x(t) - x(t —7)]
=2 (=W [x() - x(t 7)),
Vs (x,, k)
= 2[4 (W)x(1)+ Ay (W)x(t =) Z
X[ Ay ()x(t) + Agg ()x(t = 7)]

. 24
- jf_f i () Zi(a)da + 210" (1)BL, (h)Z 24

x[ A (h)x(#) + Ay (h)x(t —7)]
+ 10" (1Bl () ZBy (W ax(?),

Wy == [ 16T (00x(0) - x" (1= 1)0x(0 - e

(25)
Then it follows from (22)-(25) that
2 ()z(1) -y o’ (o) + 1V (x,, 1 (1))
Lo g (26)
= jt & LA (et a)da,
where
eta)=[x" (1) xT(t-7) (@) o).
It follows from (21) and (26) that
T 2. T
2 Oz(t) -y o (Da(t)+ LV (x,r(1)) o7

<—ox! (0)x(?).
When () =0, it can be deduced from (27) that

(V (x,,r(1)) < —ox” (1)x(1).

By this and the result in [3], it is easy to see

lim E[ o (t,¢,r0)dt} <o,

T

where x(¢,¢,7)) represents the trajectory of the state
x(#) at time 7. Therefore, the uncertain fuzzy Markovian

jump system with time delays is robustly stochastically
stable.

Now, by using Dynkin’s formula, we have that under
the condition x(#)=0 forall 7<0,

EV (xp, 1(T))] = E[ J‘OTZV(x,,r(t))dt} (28)
Define

Jy = E{LT[ZT ()z(t)— 7za)T(Z)a)(t)]dt}.
Then, from (27), (28) we can deduce

I = E([ [T 020) - 0" 1))

+ LV (x;,r ()]} — EV (x7,7(T))]
<Ly | ! [ " wa)r (ett.a)dadr <0,
T 0 Jr—t

which implies
E[ j(;” zr(t)z(t)dt} <y? I: o’ ()a(t)dt.

This completes the proof. 0

Remark 1: Theorem 1 provides a condition guaran-
teeing an H. performance level of a class of fuzzy
Markovian jump systems in terms of LMIs. It should be
pointed out that Theorem 1 can be easily extended to the
time-varying delay case by using the method in the
derivation of Theorem 1.

Remark 2: In the proof of Theorem 1, the weak
infinitesimal (V|(x,,k) remains unaffected when the
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slack matrix variables Y, and W) are introduced.
Moreover, the slack matrix variables Uy, are also
introduced in order to obtain the relaxed LMIs. It is
worth pointing out that these matrix variables are not
required to be symmetric, which is different from [4].
Therefore, a more flexible LMI condition in (11), (12) is
obtained and the potential conservatism is thus reduced.

4. ROBUST H» CONTROL

We are now in the position to present the main result
on robust H.. control for fuzzy Markovian jump systems
with time delays.

Theorem 2: Given a scalar y >0. Then, for any
7€ (0,7], the fuzzy Markovian jump system with time
delay in (6), (7) is robustly stochastically stable and

satisfies E [ J:O zf (t)z(t)dt} < }/2 J:O o’ Oo@)dt  for

any nonzero (f) €L,[0,0) under the condition
x(t)=0 for all # <0 via the fuzzy controller (8), if there
exist scalars ¢, >0 and matrices R>0, 7>0, X,

>0, M;,i€S, keT, and N,~j~’k,1$i<j£s, keT

such that for each k€T the following LMIs hold:

Eju+Ex <Nji+Ni4  1<i<j<s, (29)
Bk oo X
Nl].é”‘ Ezf’k A DY (30)
NlTsk NZTsk ‘Ewk

where

) N
O+l h }

Sik = ~
Yk + T X * *
T
RAdi,k -3R *
T T -zT
Qi/,k BzTi,k 0 0
z_'Ai’ka — z_'Bli,ij,k z_'Adi,kR 0
CipXpk—DyyM;,  CypR 0
T
I r! 0 0
E3 * * * ]
* * % *
ES * * *

Yuj,k =4 Xy +XkA{k — B M, _M;kglak —2X,,
L=[E} 000 B £ o,
Hyy =[Hy Xy —Hy My Hy R 00 0 0 0],
rk:[ﬁXk \/”k,klek \/”k,k+1Xk

Vi X Xk],

Xy R).

Q) =diag(X, - Xy Xpy
In this case, desired state-feedback gains can be chosen

as, foreach keT,

Ko =M, X;'.

1 1

Proof: Following similar manipulations as in (22)-
(26), we can obtain that the uncertain closed-loop system
(9), (10) 1is stochastically stable and satisfies

E [ j;o zr (t)z(t)dt} <i? Ljo o’ (Ho(t)dt for any nonzero
o(t) € L,[0,0) under the condition x(#)=0 for all
t<0, if for each keT and all Fj(¢) satisfying
F kT (t)F, (1)< the following matrix inequality holds:
Ag(n)=
Pix (W) + g (ZA () +C{ (Cy(h)
Wk () + 7 A (N ZA, () + Clp (Cy () W3 (k)

TYk TWk
Ly Lo
* *
* *
<0,
-t/  *
0 Ty

where
A (h) = 4 (h) = By (WK (),
1 ~ ~T ul T
Vi (h) = B A (W) + 4 (WP + Y ny P +0-Y, =Y,
=1
o (h) = AL (WP + Y, — W],
P (h) =W + W — O +74% () ZAy (h)
+Ch (N Cy (),
[y = BL (P, + 7Bl () ZA4, (h)+ D3 (W)Cy (h),
o = tBY, () ZAy (h)+ Dy ()C g (h),
T3 = tB3, () ZByy (h)— y*1 + D3, (h)Dyy (h),
Cy(h) = Cy(h)— Dy (K (h).

By the Schur complements, we obtain that A (1) <0,

keT, for any 7 satisfying 0<7 <7, if the follow-
ing matrix inequality holds:
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i ‘i”l (1) * * * * * ]
Yoy We+Wl -0 * * oo
Y, W, 77 % £ %
By (WP, 0 &
TZA (h)  TZAyg(hy 0 TZBy(h) —TZ *

| G Coty 0 Duln 0 -]

<0.(31)

Now let

Xp=P"', My =K X;, R=07",
Wk =_Q.

By pre- and post-multiplying (31) by diag(Xy, R, T,

T=z" Y, =R,

1,T,1 ) and its transpose, respectively, and applying the
Schur complements, we obtain that (31) holds if the

following matrix inequality holds for each k€T,
Q, (W +L,F,(nH, (h)+H] (WF (nLk <0,  (32)

where

Hy (h)=[Hy, (W)X} —Hy, (WM, (h) Hy(WR
000 0 0]
Y5 (h) = (W)X, + Xy Af (h)— By (WM, (h)

—M] (B, (h)-2X,,

Y (h)+ 74 X *
RAL (W) + R+ X, -3R
T T
Qy () = B (h) 0
TA (WX =T By (WM (h) TAy ()R
Ce (WX =Dy (WM (h)  Cy(h)R
i Iy 0
* * * k *
* * * * *
0 _},2[ * * * | <0,

0 7By(h) —zT * *
0 Dy(y 0 -1 *
0 0 0 0 —d]

By using the similar manipulations as in (18), we obtain
that (32) holds for all F, (¢) satisfying FkT OF, ()<,
if the following matrix inequality holds for each kT
with scalars ¢, >0,

Qu (W) +a, LIk +a; ' HY (WH (k) <0. (33)

Then by the Schur complements, we have that (33) holds

for each k eT, if the following matrix inequality holds,

S S

DD (s ()4 <O. (34)

i=1 j=1
By using the relaxed technique in (13), for each k€T,
we have that (34) holds for any 7 satisfying 0<7<7,
if the LMIs in (29), (30) hold. Therefore, we have
A, (7) <0. This completes the proof. 0

5. ILLUSTRATIVE EXAMPLE

In this section, we apply the above design method to
robust He control of a computer simulated single link
robot arm in [12]. We consider the following model of
the single robot arm

X1 (1) = x5 (), (35)

o Mgl LN

X (1) = 7, sin(x; (¢)) — 2(f)+ u(?) 36)
+0.10(1),

2(t) = x () +020(1), k=123, (37)

where x(¢), x,(7),
the arm, the angular velocity, the control input, and the
control output, respectively; @(f) is the exogenous

u(t), and z(¢) are the angle of

disturbance input with @(#) € L,[0,0). The mass M,

and the inertia J, have three modes: M;=J, =1,

M, =J,=5, M;=J;=10. The transition rate of the
operation modes is given by
-03 0.25 0.05
m=| 0.1 -02 0.1

0.03 0.07 -0.1

The values of the length /, the acceleration of gravity
g, and the damping D(¢f) are given as [=0.5,
g=9.8L and D(t)€[1.8,2.2]. We assume that x,(¥)

is perturbed by time delays to illustrate the proposed
design method on the Markovian nonlinear time-delay
system. The delayed model is given as

X (1) = pxy () + (1= @)x, (1 = 7), (38)

5y () =~ e G () - 2D (1) +0.10(0)
7, A 9
G )D @ t-1) +Jiu(t),
k

k=1,2,3, (40)

2(t) = x,(6) + 0.2a)(t),

where 4 €[0,1] is the constant representing the

retarded coefficient. In this example, we assume
41 =0.7. Without time delays, the example was studied
in [12] in which the proposed design method can not be
applied to this time-delay system.

Similar to [26], we set the fuzzy basis functions as
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sin(x, (1)) — px (1)

, X (1)#0
h(q@)=1  x@)1-p)
1, x(@)#0,
NO-SnC )
h(q)=1 x@O1-p) ‘
0, x()#0,

where p=1072/7. Then, we represent the Markovian
jump nonlinear time-delay system in (38)-(40) as the

following T-S model, for k£ =1,2,3,
Plant Rule 1: IF x,(1) is z;, THEN
(1) =[ A g + M (0 |50+ [ Ay g + Ay (1) ] x(t = 7)
+[ By s+ ABy; 1 () |u(t) + Byoo(t),
z(t) = C;x(t) + Dy; (1),

where 44, isabout Orad, p,; isabout 7 rador —x

rad and
[ x, (¢ 0
x(1) = XI()] All{ ) }
L X2 (2) T8l 2
[0 7, 0 Y7
4= s Az = >
|—gl —0.4u —-gl -02u
0 r [0 y
A = } Ay = }
| -pgl 2u |—pgl —0.4u
0 Y7 [0 Y7
Ay = } 45 }
| —pgl 2u |—pgl —0.4u

0 U
A5 = ,
-pgl —02u

0 1-u
Ay =Aar =] - |

0 1-u
Anp = A :[0 0 4(1_!1)}

0 1-u
Ans=Aps=|, _, 2|

0 0
Bll,l =Blz,1 = 10 Bll,2 =Blz,2 = 021

0 0
B 3=B3 = 01l By =By, = 01l

Cl = C2 = [1 O], D21 = D22 = 02

The uncertain parameters A4, ;(7),
ABy; (1) satisfy (5) with

o [0 0 g [0
=0 02/ k=0 4l

oo [0 fo
2k T 1=y 3700l

AAdgi (1), and

hode

[
=

Control input
[
L) L)

= T 7
1

Control output
o =

’ ( -
|

Time

Fig. 1. Operation mode and control results of the closed-
loop system.

The purpose of this example is to develop a fuzzy
controller such that the resulting closed-loop system is
robustly stochastically stable and satisfies an H

performance level y. Based on Theorem 2, we obtain
that, when the prescribed y is 0.3, the maximum
allowable size of the delay 7 for the above robust H_,

control problem is 1.2. Then by using the Matlab LMI
Control Toolbox to solve the LMIs in (29), (30) we
obtain the parameters of the fuzzy controller as follows:

K, =[-1.8873 1.8151],
K, =[-9.2868 15.2084],
=[-18.0308 32.2445],
[3.0021 1.8151],
K,, =[15.1601 15.2084],
K,3=[30.8630 32.2445].

K3
K,

Now, we set the initial conditions as 7y=1 and

#(t)=[0.57, —2]T, t €[-1.2,0]. We further assume that

D(@)=2+0.2sin(¢), o(t)=——,
® n@, 0= 05

We now apply the designed fuzzy controller in the form
of (8) to the Markovian nonlinear system in (38)-(40).
The simulation is shown in Fig. 1. The result shows that
the designed fuzzy controller can effectively stabilize the
uncertain Markovian jump nonlinear time-delay system
in (38)-(40) withan H, performance level .
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6. CONCLUSION

The problem of robust H- control for a class of fuzzy
Markovian jump systems with time delays and norm-
bounded parameter uncertainties has been investigated. A
delay-dependent sufficient condition for the solvability
of the problem has been obtained in terms of LMIs. An
illustrate example has shown the effectiveness of the
proposed method.
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